OPERA(Oscillation Project with EmulsiontRacking Apparatus) is a new detector concept, iron(lead)-emulsion for a long-baseline neutrino oscillation experiment. This experiment would perform an appearance search for υ µ −υ τ oscillation in the parameter region indicated by the atmospheric neutrino anomaly. OPERA can run at the Gran Sasso Laboratory in the proposed NGS (Neutrino to Gran Sasso) Beam from CERN.
Introduction: physics and present scenario
One of the crucial question in the present scenario of particle astrophysics is whether the neutrino has non-vanishing mass. In fact a massive light neutrino would be the direct indication of physics beyond the Standard Model and it would have profound implications for cosmology and astrophysics, giving a clue in the explanation of the dark matter puzzle. The present range mass is out of reach of measurements from decay kinematics and so the only way to assess this issue is to search for neutrino oscillation, which may occur for massive neutrinos. Flavour oscillations may only occur if the weak interactions eigenstates are not mass eigenstates, rather a superposition of them, and if the mass eingenvalues are not equal. In a first approssimation, oscillation phenomena occur between two neutrino flavours and are described by two parameters: the mixing angle related to sin 2 2ϑ and the mass squared difference ∆m 2 . In this case the mixing can be described by
Hence, the oscillation probability can be written as
where m 1 and m 2 are the ν masses, E ν the neutrino energy and L the source-detector distance.
In OPERA,emulsions are used as high precision trackers, unlike CHO-RUS [1] where they compose the active target. The extremely high space resolution of the emulsion copes well with the peculiar signature of the short-lived τ lepton, produced in ν τ interactions, and the direct observation of the decay topology allows background reduction to a very low level. Emulsion experiments benefit nowadays from the impressive progress in the field of computer controlled microscopes, read-out by CCD cameras, with automatic pattern recognition and track reconstruction [2] . Thanks to the capability of the emulsion in identifying electrons and to the small contamination of ν e in the beam, OPERA will also accomplish a ν µ − ν e oscillation search with a good sensitivity.
OPERA at the Gran Sasso Laboratory
A neutrino beam from the CERN SPS to the Gran Sasso (at 731 Km distance) is under study [3] . The present CERN SPS can produce neutrinos by accelerating 2.5×10
19 pot/year with a 200 days run with 70% efficiency 2 . For a future beam to the Gran Sasso, the SPS should achieve a comparable performance. The sensitivity to small mixing angles is, at long-baseline, relatively poor, given the low neutrino flux due to the very long travel-distance and the divergence of the neutrino beam. Therefore, the target has to be massive. In the search for ν µ − ν τ oscillation, the high detection efficiency of OPERA, together with its negligible background and the direct observation of the τ kink, allow to limit the target weight (and dimension), still retaining good sensitivity in the interesting domain of the oscillation parameters. The mean energy of the ν µ could be 27 GeV, while the average energy of the ν e contaminating the beam could be 37 GeV. In particular, the relative ν e contamination of the beam is (0.4 ± 0.1)%. We observe that for the beam line design a factor two lower neutrino flux is predicted for the Gran Sasso location. Under the previous assumptions on the beam the expected number of ν µ interactions in 4 years is about 10 4 CC, 3 × 10 3 N C and a 0.8% of interactions induced by the ν e contaminating the beam. The number of events produced by ν µ is ∼ 2% .
Conceptual Design
The OPERA experiment [4] aims to detect ν τ s produced by ν µ oscillations through the inclusive CC interaction
in a nuclear emulsion sheet. The detection of the process is based on the identification of the τ − ,that, due to its very short lifetime ((295.6 ±3.1) · 10 −15 sec) and to the Lorentz boost, decays after a mean fly path of about 0.75 mm, producing an event topologically different from the background due to ν µ interactions. The high spatial resolution (≤ 1µm) of the nuclear emulsion and their capability to provide tridimensional images, allows the detailed reconstruction of the searched events to be performed. Events as in the last reaction in emulsion are visible under microscope and appear like primary vertices without incoming charged particles and with one of the secondary particles -the τ − -that decays close to the vertex into one (giving rise to a kink in the trajectory) or more prongs.
The decay channels used to detect the τ − in OPERA are the following:
The Detector
OPERA is an evolution of the ECC (Emulsion Cloud Chamber). The idea is to add a "drift space" between consecutive emulsion sheets, since this "empty" space between the ES allows the direct detection of the τ decay kink, superior to the impact parameter measurement performed with the conventional ECC . This results in a substantial background reduction. The detector described here is an iron(lead)-emulsion target subdivided in modules. Each module, whose dimensions orthogonal to the beam direction are about 3×3 m 2 , consists of a sequence of 30 sandwiches, each composed of a 1 mm thick iron(lead) plate followed by an emulsion sheet (ES), a "drift 3 space" of 3 mm, and another ES ( fig. 1 ). An ES is made up of a pair of emulsion layers 50 µm thick, on either side of a 100 µm plastic base. The drift space can be realistically filled with very low density material: paper honeycomb or expanded PVC. Transverse to the beam direction, each could be subdivided into cells, e.g. with a 30 × 30 cm 2 area. Obviously, the emulsion sheets have no time resolution. Therefore, electronic detectors are needed to correlate the occurrence of neutrino events to that target element where the interaction occurs and to guide the scanning. For a long-baseline application the detector will naturally be placed underground, shielded against non-penetrating particles and low energy muons from cosmic ray showers. Together with the low neutrino beam flux, determined by the long distance from the source, and with the absence of beam halo muons, this leads to a very low density of backgrounds tracks "stored" in the emulsion. Therefore, the electronic detectors may have a moderate space resolution ( a few millimeters). These electronic trackers are placed behind each 12 cm target module. Honeycomb chambers [5] may be envisaged, with a design similar to those installed in CHORUS apparatus. To increase the muon detection efficiency, and consequently, the background rejection, muon detectors could also be added around and behind the target. Honeycomb chambers or limited streamer tubes may be used around the target, while a magnetized-iron muon spectrometer may be placed behind the iron(lead)-emulsion target, with the purpose of measuring the charge of forward muons too. The electronic detectors also act as the active component of a (fine-grained) calorimeter, where the 12 cm 4 thick iron(lead)-emulsion modules play the role of the absorber material. Each target module is nearly 2 radiation lenghts thick. Therefore, a calorimetric measurement of events can be performed, helping in the kinematical analysis of candidates events.
Background rejection and sensitivity
In OPERA, the τ decays in the vertex iron(lead) plate ("short kinks") are rejected in the first analysis, as well as, the small fraction of "long kinks" occurring in the iron(lead) plate following the vertex plate. One retains decays in the drift space between ES. In this way, one performs a direct kink detection inside of an impact parameter measurement, with consequent background reduction and improved significance of the signal. The global detection efficiency ε tot = ε h + ε µ + ε e of OPERA is about 42% in the ∆m 2 region, with ε h = 25% and ε µ ∼ ε e ≃ (8.5 − 9.5)%. The ε 3π ∼ 5.5% is estimated. However, the expected background for this channel is comparable to the one single prong decays modes altogether. For this reason we do not include it for the present sensitivity estimate. The main possible background sources in our experiment are: 1) prompt ν τ production in the primary proton target and in the beam dump;
2) decays of pions and kaons produced in CC and NC ν µ interactions; 3) 1-prong decay of charmed particles. In total, OPERA will be left with 1 background event with decay topology, for the three τ decays mode with one charged prong altogether. Taking in account the overall τ detection efficiency, the ratio of cross-sections for tau and muon neutrinos, that is 0.54 averaging over deep inelastic and quasi-elastic events, the total expect number of CC ν µ events is about 10000. With no observed events this leads to the following oscillation probability
In the conventional two-flavour mixing scheme, the corresponding limit on the mixing angle, for large ∆m 2 , is
The minimum ∆m 2 , for full mixing, is given by the following relation
Assuming that ν µ − ν τ occurs with parameter values as SU-PERKAMIOKANDE reported, OPERA would observe about 50 events with one only background event.
Conclusions
OPERA is an evolution of so called Emulsion Cloud Chamber (ECC). The detector consists of a massive target made up of a sandwich of (dense) passive-material plates and of thin emulsion sheets for high-resolution tracking. In the conventional two-flavour mixing scheme will be sensitive up to ∆m 2 ∼ 1 × 10 −3 eV 2 .The limit on sin 2 (2ϑ µτ ) for large ∆m 2 will be ∼ 2.0 × 10 −3 (90% CL). The discovery potential of OPERA is high. If ν µ − ν τ oscillation would occur with parameters ∆m 2 = 8 × 10 −3 eV 2 and sin 2 (2ϑ µτ ) = 0.9 , the experiment would detect the appearance of ∼ 50 unambiguous ν τ interactions ∼ 400 with a three-flavour mixing scheme [6] . OPERA would be sensitive to ν µ − ν e oscillation, due to its capability of identifying electrons and to the low contamination of ν e in the ν µ beam. Further studies are needed to assess in particular this issue. The quoted performance will be obtained with a four years' run of the experiment. The limited number of events will permit to remove periodically the small fraction target elements hit by neutrinos and perform the emulsion-scanning "quasi-on-line".Therefore, the first results will be obtained soon after the start running period, and regularly updated. We've planned to construct target element prototypes and to test them with charged particle beams and, with the present CERN Wide Band neutrino Beam (august 1998). Among the aims of these tests we mention the study of the vertex finding efficiency, the particle identification in the emulsion, the angular resolution and the kink detection capability (through the study of charm events). At the end of 1998 we'll make a test at Gran Sasso to analyse the traditional source of background. The OPERA experiment can thus contribute to clarify some crucial aspects of the present scenario on neutrino oscillation and non baryonic hot dark matter.
